BACKGROUND {#sec0005}
==========

Loss of muscle mass and function compromises health through impaired metabolic homeostasis and quality of life via hindered freedom of motion. Besides being an issue in the form of cachexia and sarcopenia, it is additionally important in a range of neuromuscular diseases, namely muscular dystrophies, congenital myopathies and myositis. These are a diverse group of pathologies affecting more than 2 million people in Europe alone that are characterized by loss of muscle mass and function, frequently accompanied by fibrosis and/or inflammation possibly as a secondary phenomenon (further detail on epidemiology: <http://neuromuscular.wustl.edu/>).

These diseases are mostly chronic and manifest at varying ages, from infancy to adulthood. Most are progressive and the severe ones are associated with significantly shortened lifespan, while others cause lifelong disability \[[@ref001]\].

While the various forms of myositis are idiopathic, mainly inflammatory conditions, muscular dystrophies and congenital myopathies are genetic disorders that affect the structural integrity or critical signalling cascades controlling the muscle fibres \[[@ref002]\].

Duchenne's muscular dystrophy is the most common childhood dystrophy, where the absence of a critical subsarcolemmal protein, dystrophin, initiates a pathophysiological cascade eventually leading to leakage, disruption and death of the muscle fibres, generating sustained regeneration cycles \[[@ref003]\]. The exposure of intracellular proteins to the extracellular environment, may elicit immunological reactions and thereby contribute to chronic inflammation which leads to abnormal regeneration and endomysial fibrosis \[[@ref003]\].

Considering the size of the muscle mass, the quantitative and qualitative changes in protein turnover associated with these pathologies and the degree of leakiness in healthy and diseased muscle fibres, muscle pathologies can result in release of pathology-specific peptides that can be used as serological or urinary biomarkers \[[@ref005]\].

DISEASE DESCRIPTION {#sec0010}
===================

The term muscular dystrophy covers more than 30 inherited diseases, associated with skeletal muscle degeneration and causing progressive weakness. Dystrophies manifest a range of effects including, fatty tissue invasion and muscle wasting through an abnormal dynamic between necrosis and regeneration, thereby affecting the metabolic fitness, fibrosis and/or inflammation \[[@ref007]\]. Since it is unfeasible to describe all of the diseases in a single review, the focus will be only on the most frequent ones and on their similar characteristics.

Duchenne and Becker muscular dystrophies (DMD and BMD) are two similar pathologies that constitute the most common causes of pathological muscle loss, aside from Sarcopenia and cachexia. Both are characterized by progressive fibrosis\[[@ref004]\], inflammation, and displacement of muscle by fat or connective tissue \[[@ref011]\]. This is more pronounced in DMD, usually leading to death in the third to fourth decade of life, while the milder and more variable BMD result in a life expectancy shortened by 0--20 years.

Limb-Girdle Muscular Dystrophy (LGMD) is a group of heterogeneous muscle dystrophies. Although they are clinically quite diverse, most manifestations are also characterized by degenerating myofibers, and later on infiltration of T-cells and macrophages, leading to a secondary inflammation \[[@ref012]\].

Facioscapulohumeral muscular dystrophy (FSHD) is an autosomal dominant inherited neuromuscular disorder ranking third in muscular dystrophy frequency \[[@ref002]\]. This muscular dystrophy predominantly affects face muscles, upper arms and the scapula and leads to premature disability and loss of independence despite not reducing life expectancy severely. Part of the disease consists of perivascular inflammation with observed fiber necrosis, phagocytosis and increased tissue regeneration \[[@ref017]\].

Inflammatory myopathies or myositis cause muscle atrophy and weakness through inflammation processes \[[@ref018]\]. Furthermore, myositis can lead to pulmonary fibrosis, respiratory failure and death \[[@ref019]\].

Shared pathological traits {#sec0015}
--------------------------

Despite being different diseases with different etiologies, dystrophies and myositis share several traits that provide us with a common ground in which to search for biomarkers. Overlapping and non-overlapping traits between the individual myopathies are of great interest from a monitoring perspective, as they permit stratification. Shared traits for the myopathies are the presence of abnormal rates of turnover of muscle fiber components, inflammation or fibrosis, resulting in the production of peptide biomarkers \[[@ref020]\] ([Table 1](#jnd-3-jnd160150-t001){ref-type="table"}). Although varying in manifestation and extent, monitoring these traits in each disease is useful, both for clinical assessment as well as prognosis of the disease course or treatment efficacy. Based upon experiences from inflammatory and degenerative pathologies in other tissues, we believe that detecting and assessing the presence or levels of these indicators in serum is a viable method to diagnose or determine the extent of the disease.

### Inflammation {#sec0020}

One of the traits of dystrophies is impaired structural integrity of muscle fibres leading to leakage of their contents, provoking an immune response. Increased expression of major histocompatibility complex type II is shown in both dystrophies and myositis and a consistent T lymphocyte invasion is seen in both human and animal models of muscular dystrophy. Likewise, it has been shown that genes coding for cytokines which induce apoptosis and inflammation (TNF-*α*, TGF-β, NF-*κ*B and IL-6) are over-expressed in DMD patients. \[[@ref003]\]. Fragments of MMP-degraded collagen I and III have in these pathologies been shown to characterize the inflammatory phenotype and in the case of osteoarthritis even separate patient with predominant inflammatory (synovitis) and mechanical osteochondral defects \[[@ref025]\]. Correspondingly, it has been shown in mouse and dog muscular dystrophy models that the dystrophic phenotype is associated with increases of MMP expression and that inhibition of MMP expression or activity actively ameliorates the dystrophic phenotype \[[@ref027]\].

Inflammation and fibrosis are sometimes interconnected as the proliferation of inflammatory cells leads to overexpression of cytokines that stimulate collagen accretion, i.e. TGF-β, and push native cells towards fibrogenic phenotypes (TNF, TFG-β1), contributing to scar tissue formation \[[@ref029]\]. In the myocardium, this fibrosis leads to cardiac dysfunction which a prominent contributor to mortality in DMD patients \[[@ref030]\].

### Fibrosis {#sec0025}

Fibrosis has been consistently reported to be present in various dystrophies after repeated regeneration cycles. Particularly with dystrophies, development of significant intramuscular fibrosis and replacement of functional muscle tissue with collagenous tissue is a problem. The satellite cells contributing to the formation of new muscle fibers, gradually lose their myogenic lineage and switch towards a fibrogenic phenotype, becoming myofibroblasts or fibroblasts. This leads to accumulation of interstitial collagens (types 1 through 6) andproteoglycans, which in turn results in changes in quality and quantity of extra-cellular matrix tissue (ECM)\[[@ref004]\]. The arrangement and distribution of the extracellular matrix around the contractile fibers is complex and differentially affected by musclediseases. Collagen I dominates the perimysium while type III collagen is found both in endomysium and epimysium, further associating with collagen V \[[@ref032]\]. Thus, the normally well-ordered intramuscular connective tissue expands by taking the place of degraded muscle fibers with possible alterations in the organization of collagens (isoform ratios or crosslinking) \[[@ref033]\]. Although describing the most aggressive development seen in DMD, the initial events in this process manifest in most dystrophies. Furthermore, dystrophic fibrosis has been shown to be associated with increased expression of gelatinases and collagenases MMP-1, -2, and -9 \[[@ref034]\].

### Muscle protein turnover {#sec0030}

It is obvious from a macroscopic perspective of the muscle that the loss of functional muscle cells is associated with a change in muscle protein turnover. Stable isotope studies have shown that baselineprotein synthesis does not appear to be impaired in dystrophic patients \[[@ref035]\]. However, considering that 2--400 grams of muscle is turned over a day in healthy adults, a small percentile deficit in the synthesis and degradation ratio can easily amount to several kilos of muscle per year. Such a difference is adequate to explain the observed muscle loss with even the most aggressive dystrophies, but it would be almost impossible to detect using stable isotope methodology.

In dystrophies and myositis, proteases from the MMP, calpain, caspase and cathepsin groups are known to contribute to muscle catabolism. Upregulation of MMP-7 and cathepsins H and L were demonstrated in DMD patients \[[@ref036]\] along with a significant upregulation of MMP-2 expression \[[@ref037]\] while progressive increase of MMP-9 levels was more recently noted in serum from DMD patients \[[@ref038]\]. Findings were supported by experiments held on mdx mice, demonstrating increased MMP activity and involvement in pathogenesis \[[@ref039]\]. Moreover, various cathepsin mRNA isoforms were upregulated in atrophying muscle of rats \[[@ref040]\]. Calpains (CAPN) are calcium-dependent proteases that have been linked to muscle degradation and necrosis \[[@ref042]\] but mutations on the *CAPN3* gene which is exclusively expressed in skeletal muscle leads to LGMD \[[@ref043]\], possibly because of a protective role of the CAPN3 protease activity in exercise induced stress \[[@ref044]\]. Lastly, caspase activity is related to muscle atrophy in various muscle wasting models involving myonuclear apoptosis \[[@ref045]\].

BIOMARKERS {#sec0035}
==========

BIPED (Burden of disease, Investigative, prognostic, efficacy and diagnostic) Classification {#sec0040}
--------------------------------------------------------------------------------------------

A biomarker is defined as a characteristic that can be objectively measured and evaluated as "an indicator of normal biological processes, pathogenic processes or pharmacological responses to therapeutic or other health care interventions" \[[@ref046]\]. Biomarkers can be qualitative or quantitative (e.g. histological assessment vs. Bone mineral density) and are commonly classified as "dry" or "wet". The latter is everything biochemical and the former is everything that is not, including imaging techniques (such as MR or PET), questionnaires, clinical descriptions, etc.

Biomarkers can serve different purposes and thus have different inherent uses and restrictions.Diagnosis, description of the disease severity/progression or the impact of a potential treatment are some of the areas where biomarkers can be utilized. A suggested classification of different markers, the BIPED criteria, was given by the Osteoarthritis Biomarkers Network, providing practical requirements and recommendations for each category \[[@ref047]\]. This nomenclature can be applied to muscle pathologies. In the BIPED criteria, there are five categories of markers: Burden of disease, Investigative, prognostic, efficacy and diagnostic which constitute the acronym of the proposed nomenclature (BIPED). For each of these classifications, requirements with respect to sensitivity, specificity and robustness are provided ([Table 2](#jnd-3-jnd160150-t002){ref-type="table"}). Different categories are not mutually exclusive and candidate biomarkers can belong to more than one category. Biomarker classification facilitates the selection of surrogate endpoints in a clinical study setting. Proper selection of endpoints is vital in clinical cohorts, to expedite and enhance the process by either deselecting non-responding individuals earlier in the study or promote better initial selection of candidates, e.g. fast progressors or otherwise at-risk populations. Avoiding inclusion or prolonged involvement of unsuitable patients in the trials can mitigate unnecessary time and fund consummation, accelerating the trial process \[[@ref048]\].

Existing wet and dry biomarkers used in myopathies {#sec0045}
--------------------------------------------------

Gene testing is available for a number of dystrophies, but despite the marked progression in the identification of specific mutations that can be verified by molecular methods \[[@ref049]\], not all genes implicated have yet been discovered, limiting the sensitivity of genetic diagnostics \[[@ref050]\]. Muscle biopsies are often employed to identify the specificity of the pathology, the extent of degeneration, fatty tissue replacement or to be used in immunohistochemical assays. While diagnosis is thus adequately covered, assessing burden of disease and making qualified prognoses for disease trajectory is hampered by the severe lack of specific, robust or practical biomarkers.

When characterizing dystrophic patients, both the current and projected quantity and quality of the muscle is of interest. A range of biophysical techniques as air displacement plethysmography (ADP), biological impedance analysis/spectroscopy (BIA/BIS), Magnetic resonance imaging (MRI), Computed Tomopgraphy (CT), Dual X-ray Absorptiometry DXA) can all be used to assess muscle volume, while MRI and microCT can even provide information about fibrosis \[[@ref052]\]. However, availability, cost, radiation exposure, accuracy, validation and to some extent culture amongst clinicians have limited the use of all of these tools in routine clinical practice \[[@ref007]\]. Practically, muscle function or quality is assessed through functional testing Isometric grip strength, sitting and rising from a chair or six minutes walking tests are common examples of the functional tests used in clinical studies and settings \[[@ref059]\].

Most dystrophies and myopathies cause muscle weakness, increased incidence of muscle fiber degeneration and regeneration and increase levels of Creatine Kinase (CK) levels in serum. Presence of CK and myoglobin (Mb) in serum are indicators of general muscle injury or degradation, but neither are capable of indicating the source or the extent.

Creatine Kinase is so far the main biomarker for assessing disease activity ("burden of disease") and has been extensively used as a marker of sarcolemma disruption and membrane leakage during the past 50 years. Aberrant CK levels are obligatory for diagnosis of some dystrophies as in BMD \[[@ref060]\]. As a biomarker though, CK is far from ideal, as it varies strongly between and within patients \[[@ref011]\]. In DMD/BMD, CK is increased up to 200-fold but the levels lower with age, fibrosis progression and loss of muscle mass \[[@ref011]\]. Asymptomatic individuals with abnormal dystrophin genes but normal CK levels are also known to exist \[[@ref062]\]. In Limb-girdle muscular dystrophy (LGMD), elevation of CK is not observed in general but can be very high in the autosomal recessive forms that tend to have an earlier onset as well. Levels of CK can also be increased in Facioscapulohumeral dystrophy (FSHD) albeit rarely, as with congenital myopathies and myositis \[[@ref061]\].

Therefore, CK cannot provide viable information on the extent of the damage and biopsies cannot be repeated over time to facilitate sufficient monitoring over the course of a treatment. Imaging techniques (DXA, MRI and CT) are rarely used in monitoring of muscle diseases as the information they provide is considered of limited clinical utility, compared to the expense and possible radiation exposure associated with their use, while strength and endurance tests (sitting/rising, walking test) suffers from high variability and risk of intra-rater differences \[[@ref006]\].

More importantly, little or no robust protein based biomarkers are available for prognosis of the disease or early indicators of response to a treatment. In clinical trials, it is of paramount importance to have biomarkers that can detect treatment response at an early stage. The ability to exclude patients that show no progression or better yet select better-suitedcandidates for cohorts is a key factor for successful clinical studies. It has to be noted that there are studies that have demonstrated the utility of some serum biomarkers as potential candidates for prognosis, stratification or response to treatment \[[@ref005]\].

Neoepitope biomarkers {#sec0050}
---------------------

One possible type of biomarkers showing promise in this regard is neoepitope peptide biomarkers. These are biomarkers in which pathology-specific post-translational modifications to distinct proteins generate disease-specific epitopes. Peptides whose production *in vivo* is pathology-related may therefore be used as biomarkers. In this respect, neoepitope peptides produced through pathology-specific proteolytic cleavage are particularly interesting, because proteolytic activity is well known to be modulated in a large number of pathologies \[[@ref003]\]. As the sarcolemma becomes permeable, smaller peptides produced upon proteolysis can leak into the circulation more easily than do intact proteins, making them measurable in serum and plasma or even urine \[[@ref071]\].

### Existing neo-epitope biomarkers {#sec0055}

An example of this is the carboxy-terminal collagen crosslinked biomarker of collagen type I (CTX-I) cleaved by Cathepsin K, that has become one of the primary biomarkers of bone turnover \[[@ref072]\]. As collagen type I is the predominant matrix protein in bone and Cathepsin K is almost exclusively expressed by osteoclasts, the abundance of the fragment is tightly associated with total osteoclast activity, thus related to the process of bone loss/turnover. This feature enables the CTX-I assay to detect changes in bone loss much earlier than e.g. DXA. CTX-I has been successful at prognosing changes in the bone turnover \[[@ref074]\].

On a similar note, recent research has shown that fragments of collagen produced through cleavage of MMP (Matrix metalloproteinase) or ADAMTS (A Disintegrin And Metalloproteinase) can function as biomarkers in conditions of aberrant ECM turnover \[[@ref075]\]. The rationale is that altered abundance or activity of several MMP, ADAMTS, calpain and caspase proteases have been shown to be involved in protein turnover changes in many connective tissue pathologies. A range of proteolytic peptides derived from collagens 1 to 6 has shown to work as biomarkers of ankylosing spondylitis \[[@ref076]\], OA \[[@ref077]\], RA \[[@ref078]\], kidney fibrosis \[[@ref079]\], lung fibrosis \[[@ref075]\] and liver fibrosis \[[@ref080]\]. Also, some of these collagen peptide biomarkers as well as proteolytic fragments ofC-reactive protein (CRP), namely MMP-cleaved CRP (CRPM), have shown to be biomarkers of the tissue inflammation associated with arthritic conditions and the response to anti-inflammatory treatment in these conditions \[[@ref025]\]. Because of the shared molecular origins of these markers and the proteases involved in the previously described muscle pathologies there is a high likelihood that several of these biomarker can find use in neuromuscular disorders ([Table 3](#jnd-3-jnd160150-t003){ref-type="table"}).

### Clinical experience and potential in muscle pathologies {#sec0060}

An interesting neo-epitope describing fragmentation of the C-terminus of agrin by neurotrypsin in the neuromuscular junction has been recently presented \[[@ref082]\]. The agrin fragment correlates with neurogenic sarcopenia. This marker aims at assessing the underlying condition at the neuromuscular junction, which correlates with the decline of muscle mass in males.

In clinical immobilization studies, changes of MMP-generated collagen VI product levels were found to be associated with muscle regrowth following immobilization \[[@ref083]\]. Other MMPs and collagen combinations studied for liver or kidney fibrosis, including biomarkers as collagen I fragment generated by MMP -2, -9 and -13 (C1M) \[[@ref084]\] or the MMP-9 proteolytically revealed neo-epitope of type III collagen, (C3M) \[[@ref085]\] can be used as a biomarker relating to muscle protein turnover. Also, an immunoassay using antibodies against the collagen type III propeptide before the interaction with N-terminal proteases has been also proposed in assessing collagen III formation in liver fibrosis models \[[@ref086]\].

Based on the progressive nature of fibrosis as the disease escalates (e.g. DMD, BMD), markers predicting fibrosis propensity by measuring the continuous synthesis/degradation processes of collagen in other tissues can be evaluated on their potential against muscle diseases.

As it has been shown that intracellular proteins such as creatine kinase and myoglobin can leak into the extracellular compartment and thus work as biomarkers of muscle disruption, it seems likely that other proteins or protein fragments from the muscle can enter the circulation. An MMP-degraded fragment of titin has been shown to be detectable in serum from healthy young men \[[@ref087]\]. This indicates that metabolic byproducts from intracellular protein degradation can enter the circulation. Generated peptides can be possibly used as biomarkers of the myofibrillar proteins turnover in the muscle and thus provide information about ongoing muscle catabolism or anabolism. Indeed, serum Troponin I has been shown to be increased in dystrophic patients \[[@ref088]\]. These intracellular proteins, particularly from the myofibrlliar fraction as they display the greatest degree of tissue specificity, show promise as biomarkers of muscle turnover.

POTENTIAL FOR NEOEPITOPE BIOMARKERS IN EXISTING AND EMERGING THERAPIES {#sec0065}
======================================================================

As previously explained, myopathologies are either congenital or occult/idiopathic and in general there are currently no FDA-approved disease-modifying therapies. In most cases, treatment is symptomatic and aims at maintaining the self ambulatory ability for patients \[[@ref060]\]. Current scientific efforts are being directed towards several different treatment modalities, with the dominant approaches being based on anabolic/anticatabolic, anti-fibrotics or anti-inflammatory therapies, underlining the need for biomarkers monitoring these individual aspects of the diseases. The current pipeline for drugs targeting few of the most common causes of muscle wasting can be seen in [Fig. 1](#jnd-3-jnd160150-g001){ref-type="fig"}.

While routine clinical biochemistry biomarkers provide measures of inflammation, e.g. IL-6, TNF-alpha or C-reactive protein, they are less well-suited for characterization of muscle fibrosis and catabolism. Since existing biomarkers have proven inadequate to detect subtle changes in the pathology, assessing treatment effects becomes challenging. A panel of varying peptide biomarkers of both formation and degradation could be of value in characterizing the fibrotic aspects of inflammatory myopathies and dystrophies and thereby contribute to the clinical characterization of subjects. Neoepitope biomarkers have demonstrated potential in describing these processes.

Antiinflammatory {#sec0070}
----------------

In myositis, inflammation is part of the cause of the pathology, whereas in congenital dystrophies, it is a consequence of the chronic muscle disruption. In both cases, this contributes to symptoms and declined functionality, making it a relevant pathological mechanism to treat. Glucocorticoids have been shown to slow loss of locomotor function in DMD or even provide temporary improvements and is recommended as first-line treatment in both myositis and dystrophies \[[@ref089]\] Biological anti-inflammatory drugs like inhibitors of TNF-alpha, IL-2, IL-6 or type I interferon have already shown promise in this regard in both inflammatory myopathies and dystrophies \[[@ref093]\].

Likewise, in inflammatory myopathies, disproportionate activation of inflammatory pathways and increased proteolytic rates have been shown to be associated with overexpression of MMPs, localized in the muscle fibers \[[@ref068]\]. Muscle and tendonare weightbearing connective tissues with considerable expression and turnover of collagens, and inflammation in muscle pathologies is associated with increases in MMP activity. Thus, proteolyticfragments generated by proteases induced by inflammation-driven proteases, such as MMPs, appear to be good biomarker candidates. It has to be noted that some common medical interventions for those diseases (e.g. corticosteroids) could create a masking effect when trying to use collagen biomarkers some compounds induce cartilage resorption, tendon degradation or modify protein expression \[[@ref099]\]. Although it would create an extra burden in detecting significant differences in patient's biomarker levels it could still be viable as an indicator within a larger biomarker panel.

Antifibrotic {#sec0075}
------------

Fibrosis is by definition the consequence of abnormal ECM turnover, resulting in excessive deposition of ECM proteins, especially collagens I, III and VI \[[@ref101]\]. It has to be noted that the distribution of collagen isoforms in the various layers of the extracellular matrix of skeletal muscle tissues and the arrangement of the connective tissue associated with contractile fibers is extremely complex and differentially affected in muscle diseases \[[@ref102]\]. Nevertheless, fragments of these constituents or their corresponding propeptides detected in circulation have been shown to reflect the extent of liver fibrosis and ECM remodeling in rats \[[@ref084]\] and even demonstrate response to antifibrotic treatment \[[@ref104]\].

This has also been demonstrated as the case for myopathies and dystrophies, where endo- and perimysial fibrosis in the form of accumulated coallagen I, III, IV and fibronectin predominates \[[@ref106]\]. In DMD, endomysial fibrosis has been one of the strongest predictors of motor deterioration \[[@ref031]\]. Therefore, early identification of loss in muscle strength or mass can be achieved by following closely the extent of fibrosis in the muscle tissue. Inhibiting the fibrotic processes may contribute to improved muscular function and this is the purpose of several current and previous pharmacologicaltrials.

Myostatin inhibitors and several putative antifibrotic treatment routes are being looked into. Previous preclinical and *in vitro* studies havedocumented that myostatin inhibitors downregulates markers of fibrosis, but this has not been shown conclusively in clinical models yet \[[@ref108]\].

The most advanced in terms of clinical trials is HT-100, a delayed-release Halofuginone preparation. It exerts its effect through inhibition of fibrosis and inflammation, in part through blocking of TGF-beta signaling \[[@ref110]\], while it also directly inhibits collagen type I synthesis. At the time of writing it has initiated Phase II trials (by Akashi, NCT02525302) for DMD treatment.

Assays directed at monitoring changes in the aforementioned pathologic manifestations have been successful in providing information for developing therapies during antifibrotic clinical trials. Biomarker characterization in a Halo/Akashi trial of Halofuginone trial helped reveal fibrosis collagen turnover, incidentally through use of neoepitope collagen peptide fibrosis biomarkers, i.e. PINP and C3M \[[@ref110]\] and can be applied in future clinical cohorts.

Anabolic {#sec0080}
--------

As loss of muscle tissue and associated muscle function is a trait of most myopathies, therapeutic approaches aimed at restoring functional muscle mass are under examination, with particular focus on pharmacological interventions. While the efficacy of exercise is questionable, anabolic drugs have shown some promise, although none of these have reached FDA approval yet.

Essentially, there are only two classes of drugs that display consistent myoanabolic properties and those are anabolic androgenic s and inhibitors of the endogenous cytokine myostatin. Inhibition of myostatin (also known as GDF-8) has been shown to result in muscle hypertrophy and myostatin inhibitor drugs are at the time of writing in clinical trials for myositis (Novartis' bimagrumab in phase III, NCT01423110) and Duchenne (PF-06252616 for Pfizer, phase II, NCT02310763).

Several soluble biomarkers have already been shown to follow the degradation and formation processes in muscle remodeling \[[@ref086]\]. Loss of muscle strength and reconstitution of muscle mass was described during an immobilization/remobilization study by measuring collagen VI turnover \[[@ref083]\]. It has also been shown that circulating collagen III fragments measured in human plasma can define formation of muscle mass \[[@ref086]\]. However, there is a scarcity of biomarkers of change in muscle mass, with stable isotope-based measurement of protein synthesis (and/or degradation) being the currently only viable method.

As discussed previously, myofibrillar proteins and protein fragments, such as the previously described MMP-cleaved Titin fragment, can enter the circulation and may show promise as biomarkers of muscle protein turnover and by extension, catabolism or anabolism. However, these peptide biomarkers have yet to show promise in terms of being biomarkers of anabolism, or catabolism and by extension anabolic treatment response.

FUTURE BIOMARKER DEVELOPMENT {#sec0085}
============================

While serological biomarkers of muscle mass would be of utility in characterization of myopathic or dystrophic patients in clinical care, biomarkers indicative of myoanablism or catabolism would be of great benefit in identifying at-risk populations in many different clinical scenarios and treatment efficacy in anabolic drug trials. Discovering peptide biomarkers of myoanabolism should be a priority to the biomarker research niche.

Suggested parent proteins for peptide fragment biomarkers could be proteins from the Dystrophin-associated protein complex (DAPC), endo- or perimysial ECM, the sarcolemma or the muscle contractile apparatus itself, i.e. sarcomeric proteins ([Fig. 2](#jnd-3-jnd160150-g002){ref-type="fig"}).

If peptides exist that have multiple pathology-specific PTMs, this allows for higher specificity of the individual biomarker and possibly for further stratification capabilities. Therefore, identification of peptides from relevant parent proteins with secondary pathology-specific PTMs is important as this can give rise to more specific biomarkers. Relevant PTMs in this context could be increased oxidative nitrosylation or carbonylation, citrullination, crosslinking or cleavage mediated by proteases upregulated as part of a disease's pathology, e.g. over expression of proteases. As these PTMs are related to the pathological *process*, (e.g. defective ECM remodeling), peptides containing them may translate into biomarkers that respond earlier to pathology changes in contrast to biomarkers that are related to the outcome of the process (e.g. imaging techniques or histopathology in the case of fibrosis). Indeed, this has been shown to work for other connective tissue pathologies like osteoporosis, rheumatoid arthritis, osteoarthritis and several types of organ fibrosis \[[@ref111]\]. Hence, due to the inherent qualities of neoepitopes, there is potential in using them as prognostic biomarkers as well as in monitoring disease progression.

CONCLUSION {#sec0090}
==========

Dystrophies and inflammatory myopathies are serious diseases with limited treatment options. Despite the differences in the pathologies of thediseases, a common thread can be identified through muscle fiber degeneration, inflammation and/orfibrosis. Several routes for developing pharmacological interventions against one or all of these traits are being explored.

Neoepitope peptide biomarkers hold great potential in this respect as, they have been successful in characterizing localized pathological protein turnover, fibrosis and inflammation in a range of other diseases. With both dystrophies and myositis, more muscle fibres are being degraded and built up at any one time point, than in the healthy condition. This situation is dissimilar to the normal steady state turnover of muscle proteins and we hypothesize that this difference produces characteristic peptides derived from the muscle proteins that are measures of diseases activity.

Treatments are mainly targeted on dealing with the inflammation or fibrosis either directly(anti-inflammatory, anti-fibrotic) or indirectly (exon skipping). Suggested biomarkers (C1M, PINP etc.) have shown capability in describing and monitoring the extent of these clinical features. We believe that by using neoepitope biomarkers, improvedcharacterization of these traits could strengthen or speed up ongoing clinical trial efforts as they can contribute to disease progression monitoring, treatment efficacy and stratification/selection for participating patients. Assessment of a pharmaceutical entity's potential will be much easier for both the industry as well as the medical personnel, leading to higher quality submissions to the regulatory agencies.
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![Ongoing clinical trials for DMD/BMD and LGMD diseases. The current stage at the time of writing for the most advanced in each category is illustrated. Indicatively "Exon skipping" drugs is a promising class, in which Drisapersen/PRO051 (Prosensa), Eteplirsen/AVI-4658 (Sarepta) are currently in phase III \[[@ref065]\] Ataluren/PTC-124 has received marketing approval in Europe (but not in US) under the name Translarna mda.gov.](jnd-3-jnd160150-g001){#jnd-3-jnd160150-g001}

![Anatomy of the muscle structure: The extracellular matrix, the sarcolemma and the intracellular domains are illustrated, depicting the relations between the different constituents. Proteins that are affected by mutations or deletions have the respective disease indicated in parentheses.](jnd-3-jnd160150-g002){#jnd-3-jnd160150-g002}

###### 

Prevalence of Myopathies and Dystrophies; histological and biochemical disease characteristics

  Condition
  ---------------------------------------
  **Muscular dystrophies**
  Duchenne Muscular Dystrophy (DMD)
  Becker Muscular Dystrophy (BMD)
  Limb-Girdle Muscular Dystrophy (LGMD)
  Facioscapulohumeral dystrophy
  **Inflammatory Myopathies**
  Polymyositis (PM)
  Dermatomyositis (DM)
  Inclusion Body Myositis (IBM)
  **Congenital myopathies**

###### 

BIPED criteria for muscular dystrophy/myopathy. Adapted description of the BIPED criteria from the initially proposed by the osteoarthritis Network \[[@ref047]\]

  ------------
  Definition
  Subjects
  Design
  Outcomes
  Criteria
  Examples
  ------------

###### 

Neoepitope biomarkers with relevance to neuromuscular disorders covering a spectrum of processes connected to the disease

  Type of marker   Related to process                     Application in muscle                        Refs
  ---------------- -------------------------------------- -------------------------------------------- ---------------
  C1M, C3M         Collagen 1,3 degradation               Inflammation in muscle tissue                \[[@ref123]\]
  PINP, C1M        Collagen I synthesis, ECM remodeling   Fibrosis                                     \[[@ref084]\]
  CAF              Agrin fragmentation                    Functional disintegration in neuromuscular   \[[@ref082]\]
                                                          junction, sarcopenia                         
  Titin            Muscle metabolism                      Muscle turnover                              \[[@ref087]\]
